Introduction
Panarthropods, including the phyla Euarthropoda, Onychophora and Tardigrada, are moulting animals characterized by a segmented body, a dorsal brain and ventral nervous system, as well as paired ventrolateral legs. Panarthropods contribute to almost every known habitat, from volcanic vents in the deep ocean to Himalayan glaciers, and every life-style in between, including parasitic. Euarthropoda is the most species-rich animal phylum, so abundant that estimates of species number have fluctuated widely. Recent studies suggest that for insects alone there are about 3.7 million species, of which just over 30% have been described [1] . They are joined by at least 360,000 species of crustaceans, 67,000 of which are identified [2] ; copepods [3] alone are thought to include 11,500 species and to comprise most of marine animal biomass [4] . Over 112,000 species of arachnids (spiders, mites and scorpions) have been described [5] . All those groups possess segmented appendages organized as articulating segments, a diagnostic character of euarthropods, or 'true' arthropods. Euarthropods are a monophyletic group, supported by their shared compound eyes and articulated exoskeleton. The other two groups of legged invertebrates that regularly moult are the tardigrades -minute organisms with five segments [6] -and onychophorans or 'velvet worms', which have elongated bodies and velvety cuticles. Tardigrades and onychophorans move by means of lobe-like legs, called lobopods, which end in several scimitar-shaped claws that also typify the legs of fossils collectively known as lobopodians [7] .
In addition to their morphological diversity, the evolutionary exuberance of euarthropods is reflected in their great variety of behavior [8] [9] [10] . These include, in insects, eusociality and the development of caste systems and caste behaviors, and the construction of elaborate structures. Some euarthropods (e.g., the horseshoe crab Limulus) can migrate accurately over vast distances. Orb and jumping spiders are famous for their motor skills. Insects in particular exhibit exquisite motor control using legged locomotion and flight. Many insect species have sophisticated predatory behaviors that include line foraging, stalking, and ambush hunting. Euarthropods and onychophorans possess a refined ability to learn and remember places, events, directions, and, within a social structure, even one another [11] .
It might be expected that such profusion of form and function would be reflected by a corresponding diversity of brains and nervous systems. However, many studies suggest that the organization of brains and nervous systems is conservative, restricted to a set of divergent motifs that we will here refer to as 'ground patterns' [12] . Although the brains and, to a lesser extent, ventral nervous systems of arthropods reveal a rich variety of neural arrangements in defined centers, this variety can be reduced to a few ground patterns of segmentally organized ganglia, their sensory attributes, and brain organization. Each of these ground patterns today typifies one of the major arthropod clades. Here, we review recent discoveries in exceptionally preserved fossils dating from the Cambrian Period that suggest that these neural ground patterns are ancient. Neuroanatomical data on fossils are derived from the Chengjiang and Xiaoshiba biotas of South China and the Burgess Shale of British Columbia, Canada, spanning a range of about 518 million years for Chengjiang to 510-505 million years for the Burgess Shale.
repeatedly recovered [15] [16] [17] . The position of tardigrades has been more difficult to resolve, either uniting with nematodes or with onychophorans and euarthropods. Under the best-fitting models with optimal taxon sampling, support shifts towards a panarthropod clade [15] . Some morphologists have argued for a sister relationship between tardigrades and euarthropods, the Tactopoda hypothesis [7, 18] , but Tactopoda has no molecular phylogenetic support.
The assignment of fossils to the stem groups of the three panarthropod phyla is largely focused on a grade of wormlike Cambrian organisms known as 'lobopodians'. These are a diverse assemblage of marine animals with paired, segmental lobopodial appendages and annulated trunks that may bear segmental sclerites, which can achieve considerable elaboration as in Luolishaniidae from several lower Cambrian Lagerst€ atten [19, 20] , such as Collinsium ciliosum from the Xiaoshiba Lagerst€ atte [21] . Most of the so-called armoured lobopodians (with reference to their sclerites), such as Hallucigenia and Microdictyon, are currently interpreted as stem-group onychophorans [7] . Large-bodied lobopodians such as Megadictyon and Jianshanopodia, with enlarged, spinose frontal appendages and segmental midgut diverticula with an internal canal network, are identified as the earliest derived members of the euarthropod stem group [22] .
Within euarthropods, current molecular datasets are consistent with classical morphological evidence for two fundamental clades, Chelicerata and Mandibulata [17, [23] [24] [25] . The former is composed of Pycnogonida and Euchelicerata and the latter of Myriapoda and a crustacean-insect group named Pancrustacea, all of which are recovered using morphological data as well [26] . The oldest body fossils of euarthropods date to the second of four series into which the Cambrian is divided, coincident with the first appearance of trilobites around 521 million years ago [27] . This almost certainly underestimates the antiquity of euarthropods based on two lines of evidence: trace fossils and molecular dating. Rusophychus traces, excavations interpreted as having been made by the jointed appendages of euarthropods, first appear close to the base of the Cambrian in many parts of the world, and Fortunian (earliest Cambrian) sediments include other euarthropod traces, such as Diplichnites, Monomorphichnus and Cruziana [28] . The trace fossils ( Figure 1A ,B) thus predate the body fossil record of euarthropods but yield no evidence for Ediacaran (> 541 million year old) arthropods. On the contrary, it suggests that euarthropods first diversified in the early Cambrian. According to relaxed clock methods, and the precise fossils used for calibrating nodes, molecular dating yields substantially different estimates for the dates of divergence of mandibulates and chelicerates from a common ancestor, and likewise for the divergence of onychophorans and euarthropods, or the divergence of tardigrades from arthropods. Nonetheless, the most recent studies date the mandibulate-chelicerate split to the latest Ediacaran or early Cambrian and the latter two deeper splits to the Ediacaran [25, 29] .
Early Recognition of Fundamental Patterns of Nervous System Organization
The recognition that arthropods possess brains and a nervous system begins in the 17th Century with Robert Hooke and Jan Swammerdam. Swammerdam and Marcello Malpighi produced exquisite dissections of the central nervous system of the silk moth larva [30] that depicted the segmental nature of ganglionic organization and the close relationship of ganglia with the respiratory system.
Early in the 19th century, the French anatomists Jean Audoin and Henri Milne-Edwards [31] demonstrated that large ventral ganglia in adult crabs were the consequence of developmental condensation and fusion of segmental ganglia in the immature animal. Their observations demonstrated derived modifications of the central nervous system from a simpler ground pattern ( Figure 2) . A century later, two Swedish biologists, Nils Holmgren and Bertil Hanströ m, recognized that disparities of brain internal organization appear to distinguish different kinds of arthropods [32, 33] . Arachnid brains were recognized as distinct from those of crustaceans, as were crustacean and insect brains seen as [34] [35] [36] [37] [38] [39] [40] [41] .
Fundamental Similarities of Head Organization
There have been sometimes bitter disagreements about similarities and differences in segmental arrangements in the euarthropod head [42] . These have been at least partially resolved by the discovery of Hox genes [43] , which determine the structural identity of regions along the body's antero-posterior axis. Expression of these genes illuminates similarities and differences across taxa in segment and appendage identity [44, 45] . The differences, in particular, are taken to reflect evolutionary divergence that may result in segment-specific gene expression [46] . Taxon-specific differences of, for example, tagmosis (segmental fusion), functional specializations of segments and divergent appendicular morphologies can be ascribed to divergence of axial patterning. In contrast to variations of ventral ganglia organization, cerebral ganglia appear to be highly stable. Experimental manipulations of gene expression reveal a tripartite organization of the euarthropod brain [47, 48] , meaning a brain that arises developmentally from the first three body segments [48, 49] . The three segmental parts of the brain are termed the proto-, deuto-, and tritocerebrum, which correspond across pancrustaceans, myriapods and chelicerates, the latter including pycnogonids (sea spiders). Gene expression also demonstrates correspondence across these groups of the appendage pair belonging to the second head segment, the deutocerebrum, despite profound morphological differences: in insects, crustaceans and myriapods these are the sensory antennae, but in chelicerates they are the chelicerae, which are pointed or pincer-like mouthparts [50] [51] [52] . Despite their Current Biology Figure 2 . Earliest recognition of a central nervous system ground pattern.
The ladder-like ganglion arrangement of the thoracic-abdominal nervous system of an amphipod (left) compared with the condensing ganglion chain in the larval spider crab (center) and the condensed mature nervous system (right). The interpretation [31] was that the reiterated organization of a ganglion chain is 'primitive' while the condensed ganglionic organization is 'advanced' (reproduced from Audoin and Milne Edwards 1828 [31] ).
segmental correspondences, the brain morphology of pancrustaceans and myriapods is overtly distinct from that of arachnids, and within pancrustaceans there are many modifications of neuropils and circuits belonging to any of the three segments. Examples are the hypertrophied elaboration of olfactory pathways in terrestrial hermit crabs [53] or the differences in cerebral morphology between generalist and specialist plant-eating beetles [54] or higher centers in insects that relate to degrees of appendicular capability [55] . Interpreting the evolutionary significance of such differences is complicated by the recognition that gene expression indicates certain centers of the protocerebrum are homologous across panarthropods despite disparities of their neuronal organization [55] [56] [57] . Such correspondences are exemplified by higher centers in the arachnid and insect protocerebra. These confounding aspects of ancestral history are, however, partly resolved by neural cladistics (Supplemental information) [58] and are further illuminated by the discovery of fossil nervous systems that existed at the time of the Cambrian explosion.
Neural Phylogenetics and Evolutionary Prediction
Except for tardigrades, panarthropod brains share two higher centers: the paired mushroom bodies that in insects mediate learning and memory [59] and the central complex, which mediates the selection of motor actions [60] . These reside in the protocerebrum, the anteriormost brain segment. There are numerous other centers most of which have not yet been assigned functions. Some have recognizably similar dispositions across pancrustaceans but no obvious counterpart in chelicerates or onychophorans. For example, in mandibulates, but not chelicerates, photoreceptor axons from the compound eyes supply nested visual centers extending laterally from the midprotocerebrum. In scutigeromorph centipedes (the sister group of all other centipedes, which are in turn sister group of all other myriapods) two nested centers serve compound eye vision, whereas in pancrustaceans there are usually three or four nested centers [61] . Arachnid brains, which are extremely compact, have visual pathways terminating either in the central complex ('arcuate body') or in a center corresponding to the mandibulate mushroom body [34, 62, 63] .
Comparisons of arthropod brains demonstrate that generally in the protocerebrum of chelicerates, discrete synaptic centers are lateralized, with only the central complex neuropil extending across the midline (Supplemental information) [34] . Neuropils in the protocerebrum are connected by bundles of axons mainly to their nearest neighbors. In pancrustaceans, synaptic centers are also lateralized in the protocerebrum, except for the midline neuropils of the central complex. Prominent axon tracts connect centers on opposite sides of the brain as well as centers on the same side of the brain. Within the myriapods, other than the visual neuropils, all synaptic neuropils in the protocerebrum extend across the midline [34] . In onychophorans all neuropils, including the paired mushroom bodies, likewise extend across the midline except for the olfactory glomeruli [64] , suggesting that a heterolateral organization of layered centers may typify an ancestral condition for euarthropods. Also, in onychophorans, neurons are usually much smaller and more closely packed than in euarthropods. All of these rather obvious differences clearly distinguish four major arthropod clades: onychophorans, chelicerates, myriapods and pancrustaceans (Supplemental information). Despite these differences, arthropod neurons share a common structure. In contrast to the vertebrate neuron, which incorporates the cell body with the axon, the arthropod neuron has its cell body attached to its axon and processes by a short fiber, such that the cell bodies of all the neurons are packed together to form a rind that surrounds a dense fibrous core. A consequence of this arrangement is that arthropod brains and ganglia are an extremely compact hydrophobic tissue that under certain circumstances is resistant to decay (Supplemental information). This organization is also found in annelids, molluscs and some other invertebrate groups [65] .
The brains of arthropods are compact, accessible for experimentation and highly receptive to a broad palette of neuroanatomical methods, including classical histological procedures that use reduced silver stains, or immunocytological labels to reveal detailed neuroarchitecture of different parts of the brain. Over 100 distinctive neural characters have been identified as homologues that can be used for cladistic analysis (Supplemental information). By and large, the neural phylogeny of arthropods so obtained agrees with phylogenies obtained using molecular data, for example, in recognizing Pancrustacea as a clade in which crustaceans are paraphyletic with respect to insects, as well as uniting Mandibulata as a monophyletic group [58] .
However, neural phylogenies make novel predictions about ancestral ground patterns. For example, neural cladistics suggests that branchiopod brains, such as in the tadpole shrimp Triops longicaudatus, evolved from an ancestor that possessed characters common to malacostracans, remipedes and insects and that their simple organization is due to secondary loss and reduction. This result conflicts with the results of molecular phylogenetic studies that place insects close to branchiopods and remipedes [66, 67] . The lack of support for a hexapod-malacostracan clade from molecular datasets (but see [68] ), in which malacostracans typically are united with copepods and thecostracans, argues that similarities of neural organization across insects and malacostracans are either plesiomorphic (similar features maintained from a common ancestor) or convergent (similar features evolved from different ancestors). However, this suggestion conflicts with shared apomorphic arrangements (uniquely evolved features that specify a group) that are absent from crustaceans such as branchiopods, cirripedes and various maxillopodans. Secondary loss and reduction of brain centers are common even within malacostracans, one example being pelagic species in which visual neuropils have been vastly reduced or entirely eliminated [34] . However, evolved simplification can be deceptive, as it is in remipedes, a group most recently proposed as the closest living relative of insects [69] . Remipedes are globally distributed blind cave-dwelling crustaceans in which tagmosis is almost entirely lost and whose appendages, other than those associated with feeding, are isomorphic. However, the remipede brain shares numerous features with the brains of malacostracans [70] .
Neural cladistics predicted that shared characters of hexapod, remipede and malacostracan brains were inherited from a common ancestor possessing three nested optic neuropils and a tripartite brain composed of fused protocerebrum, deutocerebrum and tritocerebrum [58] . Estimates based on transcriptomics are that divergence of the lineages giving rise to hexapods and malacostracans occurred 520 million years ago [16] . Testing the accuracy of the prediction and resolving apparent conflicts between the results of neural cladistics and molecular phylogenetics may find a resolution with reference to fossil evidence, as documented in the following sections.
Investigating Brain Evolution in the Light of Fossils
Studies of brain evolution and speculations about origins and diversity have generally relied on observations of and extrapolations from extant species [35, 71] . Other than some exceptional studies that reconstruct ancestral brains from fossils or endocasts [72] , evidence from the fossil record is at best indirect, such as from trace fossils [28, [73] [74] [75] . In the context of arthropod brain evolution, segmental homologies that reflect brain segmentation, either extrapolating from gene expression [76] or from fossilized head sclerites, with reference to traces of fossil brain beneath them [77] , can suggest ancestral neural ground patterns; and comparisons spanning hundreds of millions of years [78, 79] can also suggest that, despite the evolution of sensory elaborations, deviations from the ancestral ground pattern are less than might be expected.
Lower and mid-Cambrian arthropod fossils are renowned for showing remarkable preservation of certain soft tissue organs [80, 81] . However, the notion that elements of the central nervous system might also be preserved was generally discounted. Observations of the lobopodian Paucipodia inermis [82] interpreted serially arranged structures distinct from preserved gut as possible ganglia. A description of the lower Cambrian euarthropod Fuxianhuia protensa, tentatively identifying dark areas in the head as brain [83] , was followed by the first claim of a brain and optic neuropils in the Burgess Shale bivalved euarthropod Waptia fieldensis [84, 85] . Exceptionally clear traces of tracts interpreted as the ventral nerve cord were identified in the Cambrian priapulid Ottoia prolifica [86] . More recently, a well-preserved nerve cord identified in the fuxianhuiid euarthropod Chengjiangocaris kunmingensis attests to an intermediate state between a segmented and unsegmented nervous system [87] : chainlike ganglia with many asegmental lateral traces suggesting the origins of ring-like nerves arranged down the length of the trunk, as in extant tardigrades and onychophorans. Further examples recovered from Burgess Shale specimens have resolved brain traces and associated ocelli, both serving as protocerebral identifiers for assigning cephalic sclerites to specific head segments [77] .
Fossil Brains Reveal Four Neural Ground Patterns A Pancrustacean Brain in Fuxianhuia protensa
Fuxianhuia protensa is one of the simplest euarthropod fossils of the early Cambrian Chengjiang biota. Usually preserved dorsoventrally flattened, its body comprises a head shield and trunk composed of 17 tergites followed by a narrower 14-tergite abdomen ending in a spined telson. An assemblage of cephalic structures extends forwards from beneath the head shield giving rise to a pair of eyestalks immediately in front of a pair of annulated antennae. Paired caliper-like post-antennal appendages are the only distinct mouthparts. Thoracic segments provide simple biramous appendages, each an annulated cylindrical endopod flanked by a flap-like exopod [83, 88] . Re-examination of Fuxianhuia protensa established that deposits in the head correspond to preserved brain ( Figure 3A ) [89] . The general profile of dark deposits shows a mirror-symmetrical structure, the profile of which is not very different from that obtained after entombing and compressing the brain of an extant euarthropod in mud slurry (Supplemental information) [90] . A pair of nerve trunks extends peripherally from the central brain mass, one nerve trunk entering each of the paired annulated antennae. A second pair of stout tracts originates from the central brain almost immediately behind the antennal nerves and extends caudally a short distance before plunging ventrally. The interpretation of this second pair of tracts as the roots of nerves supplying the paired post-antennal appendages -sickle-shaped structures flanking the mouth [88, 91] -was later confirmed in additional specimens [92] .
The head of F. protensa extends forward from its overlying head shield such that its paired eyestalks can be resolved with their fossilized contents ( Figure 3A,D) . These consist of a stout tract extending between the compound eye and the ipsilateral rostral lobe of the mid-brain. Three successive domains of pigmentation indicate three nested optic neuropils, the Figure 3B,F) . There is, however, no evidence of a medial cluster of visual units, which in the Burgess Shale Odaraia alata (a bivalved euarthropod) are prominent structures ( Figure 1C) . Their correspondence to crustacean naupliar eyes and insect ocelli resolve the brain of O. alata as matching the pancrustacean ground pattern [77] .
Fuxianhuia may have been an active predator requiring considerable brain power. This is suggested by a specimen in which the entire cardiovascular system was exquisitely preserved [81] , demonstrating a network of vessels extending through the volume occupied by its brain and optic neuropils, with vascular processes reaching the base of the compound retina ( Figure 3E ). The additions of the digestive tract and the recently discovered ladder-like ventral nerve cords and segmental ganglia of the related fuxianhuiid Chengjiangocaris kunmingensis [91] together with the brain [89, 92] provide the most comprehensive reconstruction of any lower Cambrian arthropod. A Myriapod-like Protocerebral Ground Pattern Neural cladistics suggested that two rather than three nested optic neuropils, as found in extant scutigeromorph centipedes ( Figure 4C ), was likely to have been the ancestral state for mandibulates [34, 58] , as first proposed by Hanströ m [33] . The presence of two nested optic centers is also apparent in fossils from the Chengjiang Lagerst€ atte that comprise a clade of elongated euarthropods consisting of as many as 33 homonomous body segments. Members of this group are equipped with stubby Fossilized traces of a tripartite brain (YKLP 15006 (A)), the optic neuropils numbered 1-3, resolve optic and protocerebral lobes that correspond to those of extant pancrustaceans (C). Superimposition of three traces (B) provides additional elements on which to base a reconstruction of the fuxianhuiid brain (F). The persistence of the fuxianhuiid ground pattern of three nested optic neuropils is seen across pancrustaceans, including relatively recently derived taxa such as Diptera, as in the silver-stained brain of Neobellieria bullata (C). Despite its relatively simple morphology (YKLP 11336 (D)), F. protensa's brain required abundant vascularization, as demonstrated by its fossilized vascular system (E), which is richly anastomosed at cephalic regions and nerves [81] . (F) The reconstructed brain (top), derived from seven specimens [92] , reveals three successive optic lobe regions corresponding to those found across a wide variety of hexapods and crustaceans, here the freshwater crayfish Procambarus clarkia (with permission from [58] ). Corresponding segmental nerves are shown as A1 (= crustacean antennules) and A2 (= crustacean antennae). In F. protensa A2 is homologous with the postantennal appendage PA. (A,B) from [92] . (D) with permission from Macmillan Publishers Ltd: Nature Communications [81] , copyright 2014.
elbow-jointed appendages extending from their second (deutocerebral) head segment, behind a single pair of immobile stalked apposition eyes belonging to the protocerebrum, and which, as in Fuxianhuiidae, are of the apposition type [79] . Specimens of the multisegmented species Jianfengia multisegmentalis reveal lateral compound eyes serving two nested optic neuropils. Each proximal neuropil is contiguous with a broad tract extending centrally into a narrow protocerebrum ( Figure 4A,B) . Although no specimen has yet revealed more caudal features of the central nervous system, these few characters alone align this arrangement with the mandibulate ground pattern. The Chelicerate Neural Ground Pattern in Alalcomenaeus That fuxianhuiids possess brains typical of pancrustaceans begs the question whether the membership of Euarthropoda should be expanded to include fossil species that resolve brains typical of euarthropods but which are in some phylogenies resolved outside the euarthropod crown group [26] . The question is amplified by the nervous system of Alalcomenaeus ( Figure 5 ) [93] .
Alalcomenaeus is a member of the Leanchoiliidae, arthropods referred to as megacheirans reflecting their elbow-jointed 'great appendages' [94] . Megacheirans are one of two distinct clades of euarthropods equipped with this type of appendage, the other being the multisegmented euarthropods discussed above that possess a single pair of stalked apposition compound eyes [79] . Leanchoiliids, which have fewer segments, have great appendages that originate from behind a pair of double eyes and are equipped with long finger-like extensions from their distal articles. The double eyes, which are situated each side of the anterior margin of the cephalic shield are unstalked, flush with the anterior cuticle and are well separated by exoskeleton [79] . Each lateral eye pair surmounts a roughly heart-shaped area identified as the first visual neuropil [93] , from which an optic nerve extends centrally to merge with a similar rust-brown domain, interpreted as the second optic neuropil, integrated rostrally in the protocerebrum anterior to the esophageal foramen ( Figure 5A,E) . The protocerebrum merges with a broadened deutocerebral neuromere, from which stout peripheral nerve roots align with the origin of the great appendage ( Figure 5A,B) . Two contiguous but smaller domains comprise fused neuromeres aligned with the segmental origins of the first and second pairs of biramous cephalic appendages. Together these three neuromeres are penetrated by an extended esophageal foramen reaching as far as the protocerebrum ( Figure 5B ). Caudally, a series of robust postcephalic neuromeres are effectively contiguous, without intervening connectives. This contrasts with the mandibulate ground pattern of discrete ganglia linked by elongated connectives.
The organization of the nervous system and the cephalic nerves of Alalcomenaeus ( Figure 5B ,E) correspond to the brain and central nervous system of an immature xiphosuran, such as the horseshoe crab Limulus polyphemus ( Figure 5C,F) . As in Limulus and other chelicerates, only the first-order visual neuropil of each eye lies separate from the brain ( Figure 5F ,G), connected by relays to second-and third-order visual centers integrated within the central protocerebrum. This organization, shared by pycnogonids [95, 96] , xiphosurans [35] , arachnids [62, 63] and scorpions ( Figure 5D ,G), contrasts with mandibulate arrangements where three (malacostracans, insects) or two (scutigeromorphs) nested optic neuropils reside separate from, but connected to, the mid-brain proper [34] . A further character supporting chelicerate identity of the Alalcomenaeus nervous system is the eyes, which are integrated into the exoskeleton each side of the head and are equipped with arrays of inwardly pointing cone-shaped facets, like those typifying the lateral compound eyes of Limulus [79] . Except pycnogonids, all extant chelicerates, including Limulus, show a fusion of cerebral and trunk ganglia as does Alalcomenaeus (Figure 5B,C) . Crucially, the position of the deutocerebral neuromere aligns with the origin of the elbowed appendage, indicating its deutocerebral innervation and thereby consistent with morphological arguments for this kind of chelate appendage being homologous with a chelicera or chelifore [94] . Incorporating all observable characters of this fossil nervous system into the character matrix for cladistic analysis resolves Alalcomenaeus nested within Chelicerata (Supplemental information). An Onychophoran-like Brain in a Cambrian Top Predator Radiodontans were the Cambrian's top predators, ranging in size from a few centimeters to over a meter. They possessed a pair of extremely large eyes on moveable stalks extending laterally from the head behind a pair of curved, forward-reaching raptorial appendages. A short neck connected the head to a streamlined body, the segments of which gave rise to a system of flaps that provided the propulsive force to move through the water. The phylogenetic position of radiodontans has been contentious, but recent analyses place them in the lower euarthropod stem group [26, 97, 98] , within which they are more closely allied to living euarthropods than are various Cambrian lobopodians. The latter, notably gilled lobopodians with annulated trunk appendages, such as Kerygmachela and Pambdelurion, bridge morphological gaps to the closest extant relatives of euarthropods, the onychophorans [22] .
A single specimen of a newly described species, Lyrarapax unguispinus [99] , reveals a fossilized brain, the outlines of which indicate a broad ganglion immediately in front of the mouth. Two nerve tracts extend into the neck without any evidence of further postcephalic ganglia. A substantial optic nerve, along which swollen areas indicate two successive neuropils, connects each side of the brain to enormous compound eyes ( Figure 4D ), identified as comprising apposition-type facets [79] . An almond-shaped neuropil, named the frontal ganglion ( Figure 4D,F) , attached to the front of the brain is situated beneath the base of each raptorial appendage. Descriptions of this nervous system [99] emphasize its similarity to the brains of onychophorans (Figure 4E-G) . As in Lyrarapax, the onychophoran brain is situated exclusively anterior to the mouth. Paired nerve cords extend down the trunk to the last body segment without providing any segmental ganglia and are connected by many small looped connectives that encircle the body within the mesoderm. Traces of similar connectives have been ascribed to the ventral cord of the fuxianhuiid Chengjiangocaris kunmingensis, leading to the suggestion that this segmented nervous system retained elements of an ancestral state typified by onychophorans [18, 87] .
Fossil Nervous Systems Conform to Extant Panarthropod Ground Patterns
The overarching view of the panarthropod central nervous system is one of evolutionary stability. Four types of brain and three ventral nervous systems demonstrate organization that corresponds to the four ground patterns that denote four clades of panarthropods alive today. The radiodontan organization corresponds to that of onychophorans, and likely the common ancestor of onychophorans and euarthropods, given similarities in the onychophoran and chelicerate central nervous system [64] . The leanchoiliid organization corresponds to the chelicerate ground pattern, that of Fuxianhuia to the pancrustacean ground pattern, and the protocerebral organization of multisegmented, great-appendage euarthropods matches the arrangement typifying basal myriapods and likely the mandibulate ground pattern. Surveys across the euarthropods identify a great variety of brains. However, this is deceptive. The neuromere arrangements of pancrustacean brains can be ascribed to the same ground pattern, even in groups that have undergone secondary loss or reduction. Deviations from the ground pattern include expansion or fusion of ganglia or the result of elaborated peripherals such as enlarged musculature or specialized fields of sensory receptors. Even some major transitions have not fundamentally altered the ground pattern shared by fuxianhuiids and pancrustaceans. Insects possess a single pair of antennae at the deutocerebral segment, homologues of the crustacean antennules, but have secondarily lost the crustacean tritocerebral appendages. Nevertheless, sensory neuropils of the crustacean deuto-and tritocerebrum, respectively associated with the first and second antennae, have been retained in insects [100] . Olfactory sensory neurons terminate in the deutocerebral olfactory lobes (as in crustaceans), whereas certain mechanosensory receptor neurons target the tritocerebrum, the segment that in crustaceans receives mechano-and contact receptive afferents from the second antenna. Interestingly, loss of the second postocular appendage may have occurred very early, as suggested by its apparent absence in the Cambrian Waptia fieldensis [85] . Most centers in the malacostracan brain can be identified in the brain of an insect, differences again referring to divergent elaborations or reductions of specific brain regions [34] . Identifying correspondence between pancrustacean and chelicerate or myriapod brain regions is far more challenging even at the level of sensory neuropils. However, despite the existence of the four ground patterns, all four arthropod lineages share two corresponding brain centers: the paired mushroom bodies and the central complex, the suggested homologue of the vertebrate basal ganglia [55] , which in insects mediates action selection.
The central complex is the most elaborate brain center in terms of its patterned organization of circuits [34] . There are four divergent arrangements, each one characteristic of one of the four arthropod lineages [101] . The divergence is least pronounced between onychophorans and chelicerates and most pronounced between myriapods and pancrustaceans ( Figure 6 ). Current understanding of phylogeny [102, 103] and time of origin of panarthropod lineages [29] allows the allocation of each type of central complex to each of the four cerebral ground patterns that have been identified in Cambrian fossils. Because those ground patterns correspond to those of four extant panarthropod groups, those times of origin tell us when transformations of central complex neuropils are likely to have occurred ( Figure 6 ). The record of panarthropods commences with trace fossils immediately above the Ediacaran-Cambrian boundary, which is consistent with molecular dating of onychophoran-euarthropod divergence in the terminal Ediacaran. However, direct fossil evidence for chelicerates and mandibulates is confined to the third of four Cambrian stages and younger strata. These dates provide constraints on the minimal ages of origin of brain centers such as the central complex [60] . An attractive hypothesis is that timing of divergent evolution of the central complex -and hence the divergent evolution of behavioral repertoires -matches the appearance of novel marine ecologies during the transition from the end of the Ediacaran throughout the lower Cambrian [104] .
Conclusion
Fossils of Cambrian panarthropods demonstrate that four fundamental types of brain originated over a half billion years ago, the same four types denoting onychophorans and the three major extant euarthropod clades (Supplemental information). Neuroanatomy shows that detailed morphology obviously differs across species of any of those lineages, the greatest divergences shown by brains of the morphologically most diverse clade, the pancrustaceans. However, even where they seem exaggerated, differences of neural arrangements -their divergences -are nevertheless constrained by the ancestral ground pattern. Adding to that is that no novel ground patterns appear to have emerged since the early Cambrian, suggesting that just four have been necessary and sufficient to serve the basic requirements of species throughout their clade's evolutionary history. If this is true, it would appear that each ground pattern has either constrained the morphological diversification of a clade within evolutionary space or that the ground pattern has itself been constrained despite morphological diversification of species within the clade. Yet, there are no species of, for example, chelicerates that converge on insects in neuroanatomy, despite sharing a similar ecology. Even in examples such as salticid spiders that mimic ants, the adaptation is not reflected by convergence of their neural ground pattern: the salticid brain unmistakably reflects the chelicerate cerebral ground pattern.
The divergence of an ancestral central nervous system to four stable cephalic ground patterns may now seem less remarkable considering that the majority of morphological divergences across a clade refer to appendicular divergence, different degrees of tagmosis, and the elaboration or loss of sensory systems. Those distinctions are reflected in local modifications of the ground pattern but not fundamental changes to it. Yet, we are still confronted with an enigma: if the four ground patterns are evolutionarily stable over half a billion years, what then accounts for the enormous diversity of behaviors across panarthropods? And is there indeed such diversity as we assume? Might each ground pattern account for the degree to which species can diversify within behavioral space? What is it about the pancrustacean cephalic ground pattern that endows that clade, but far less in arachnids, with a richness of behavioral repertoires that include all manner of innovations, those involving flight and eusociality predating convergent achievements by vertebrates? Such questions address a future line of research: that of determining what in the evolution of the nervous system has permitted evolutionary exuberance in one lineage and such obvious constraint in others.
SUPPLEMENTAL INFORMATION
Supplemental information including three figures can be found with this article online at http://dx.doi.org/10.1016/j.cub.2016.09.012.
